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Transcription Factor Dosage Affects Changes
in Higher Order Chromatin Structure Associated
with Activation of a Heterochromatic Gene
helically into 30 nm chromatin fibers. These fibers would
form loops that are organized radially from a prophase
chromosome axis, which would coil to form the con-
densed metaphase chromosome (Manuelidis, 1990). An
extension of this model proposes that 30 nm fibers in
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interphase nuclei are organized into giant loops ar-Imperial College School of Medicine
ranged along a random walk path (Yokota et al., 1995).Hammersmith Hospital
Belmont and Bruce (1994) have put forward an alterna-London W12 ONN
tive model in which the 30 nm fiber is folded into 60–80United Kingdom
nm fibers that undergo additional compaction to give
100–130 nm chromonema fibers.
While the existence of a link between higher order
chromatin structure and gene regulation is generallySummary
accepted, establishing the precise nature of that link
has proved to be more difficult. Studies of the role ofThe mechanisms of transcriptional activation in het-
higher order chromatin organization in gene regulationerochromatin were investigated by using FISH to di-
have used a variety of different approaches. A numberrectly visualize changes in chromatin organization
of studies have shown that accessibility of the DNA toduring activation of a heterochromatic l5 transgene.
nucleases and other modifying agents is increased inA DNase I hypersensitive site was shown to relocate
the regions surrounding actively expressing genesthe transgene to the outside of the pericentromeric
(Weintraub, 1985; reviewed by Felsenfeld, 1996) and theheterochromatin complex in the absence of transcrip-
increased accessibility has been shown to correlate withtion. Activation of transcription, which is dependent
hyperacetylation of histones (Hebbes et al., 1994). Theon the transcription factor EBF, occurs in a stochastic
puffs that colocalize with expressing loci on Drosophilamanner that resembles telomeric silencing in yeast,
polytene chromosomes also suggest that a chromatinwith the transcribed gene remaining closely associ-
decondensation event is associated with gene activa-ated with the heterochromatin complex. Reducing the
tion (Udvardy et al., 1985). These observations have leddosage of EBF results in a reduced frequency of local-
to the suggestion that domains of “active” decondensedization of the transgene to the outside of the hetero-
chromatin form the functional units of gene regulationchromatin complex and lower levels of transcription.
in metazoans (reviewed by Dillon and Sabbattini, 2000).These data provide evidence that transcription factors
By examining the structure of the activated domain,can initiate changes in higher order chromatin struc-
these studies focus mainly on the end point of transcrip-ture during the earliest stages of gene activation.
tional activation. However, an understanding of how
large scale changes in chromatin structure are related
Introduction
to gene regulation requires that the multiple events that
lead to these changes be dissected in detail. In particu-
DNA molecules in interphase nuclei of higher eukaryotes lar, it is important to gain a better understanding of how
are tightly packaged into chromatin. As well as allowing the information content that resides in the profile of
the DNA to fit into the nucleus, packaging of genes into transcription factors in a given cell type is translated
higher order chromatin structures is thought to affect into the changes in chromatin structure that lead to gene
transcription by impeding access of transcription fac- activation.
tors to regulatory sequences. Activation of expression The clearest difference that can be observed between
requires that the chromatin packaging be disrupted, and the various types of chromatin in the nucleus is the
regulation of this disruption event is believed to play a division between heterochromatin and euchromatin
key role in gene regulation (reviewed by Felsenfeld, (Heitz, 1928; reviewed by Eissenberg et al., 1995; Weiler
1996). The most basic level of eukaryotic chromatin and Wakimoto, 1995; Wallrath, 1998). Constitutive het-
structure, the nucleosome, is relatively well understood erochromatin remains condensed during interphase,
as a result of many years of biochemical and structural replicates late, is rich in repetitive sequences, and con-
studies. Modifications such as histone acetylation and tains relatively few transcribed genes. Heterochromatic
phosphorylation, which affect nucleosome structure, DNA also tends to be highly methylated. Euchromatin is
have also been directly linked to transcriptional regula- more decondensed in interphase cells, replicates early,
tion and cell cycle control (Strahl and Allis, 2000). Several and has a much higher density of functional genes. At
different models have been proposed to describe higher the sequence level, the repeats that are found in consti-
order chromatin packaging above the level of the tutive pericentromeric heterochromatin range from the
nucleosome (reviewed by Belmont et al., 1999). One 5–7 bp satellite repeats found in Drosophila centromeres
model proposes that the 10 nm nucleosome fibers fold to the 234 bp g-satellite repeat that forms the bulk of
pericentromeric heterochromatin in mouse. Sequencing
of the centromere of the Drosophila minichromosome* To whom correspondence should be addressed (e-mail: niall.dillon@
Dp1187 has shown that the heterochromatin is madecsc.mrc.ac.uk).
† These authors contributed equally to this work. up of short satellite repeats (85%) interrupted by islands
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of middle repetitive sequence containing multiple
transposons (Sun et al., 1997).
The inhibitory effect of heterochromatin on gene ex-
pression is well documented. This connection is based
on a number of different lines of evidence. In addition
to constitutive heterochromatin, a second class of het-
erochromatin, termed facultative heterochromatin, is
found on the inactive X chromosome in mammals and
in homeotic loci that are stably silenced by the action
of the polycomb group (PcG) proteins (for reviews, see
Eissenberg et al., 1995 and Brockdorff, 1998). Transloca-
tions that place euchromatic genes close to pericen-
tromeric heterochromatin give rise to the mosaic silenc-
ing that is classified under the term position effect
variegation (PEV) (Muller, 1930; reviewed by Henikoff,
1990). Genetic studies in Drosophila have identified a
number of modifer genes that affect PEV, and these
observations have recently been extended to variega-
tion in mice (Festenstein et al., 1996; Milot et al., 1996)
where the mouse homolog of the Drosophila HP1 protein
has been shown to affect variegation of a pericentro- Figure 1. Experimental Approach
meric transgene (Festenstein et al., 1999). The products (A) The l5-VpreB1 locus. Vertical arrows indicate the positions of
of modifier genes have been hypothesized to bind to the hypersensitive sites. HS-1 is constitutive while the remaining
HS are pre-B cell specific. Binding sites for EBF and the E2A pro-heterochromatin, forming specific DNA–protein com-
teins, E47 and E12, are indicated in the l5 promoter (E47 and E12 areplexes containing multiple components (Locke et al.
the products of differential splicing of the E2A primary transcript).1988). According to one model, PEV would be caused
(B) Strategy for targeting integration of the l5 gene to centromericby variable spreading of the complexes along the chro-
heterochromatin. An 11 kb BamHI fragment containing the l5 gene
matin fiber (Locke et al., 1988). An alternative model and the 39 HS was flanked on either side by 4 copies of the major
proposes that the protein components of heterochroma- 234 bp mouse g-satellite repeat (see Experimental Procedures for
tin bind to multiple binding sites along the fiber with details). The fragment containing the gene and flanking repeats was
excised and injected into mouse eggs.variegation occurring as a result of direct contact be-
tween euchromatic genes and heterochromatin through
looping (Henikoff, 1996; Talbert and Henikoff, 2000).
and direct visualization of the transgene by FISH. WeWhile these models are useful for considering the effects
show that transcriptional activation in heterochromatinof modifiers, they do not address the issue of how varie-
involves a reorganization of higher order chromatingation and the formation of heterochromatin protein
structure which is sensitive to the dosage of a transcrip-complexes are related to the chromatin condensation
tion factor that is known to be involved in l5 activation.observed using cytogenetic approaches.
We also show that transcription of the heterochromaticCharacterization of genetic modifiers of PEV has
shown that some modifiers also affect PcG-mediated gene is maintained through multiple cell divisions even
silencing of developmentally regulated genes (Fau- though it remains closely associated with the hetero-
varque and Dura, 1993; reviewed by Weiler and Waki- chromatin complex.
moto, 1995). The link between PEV and silencing by the
PcG proteins is particularly interesting because both
Resultsinvolve transmission of the repressed state through mi-
tosis. The hypothesis that heterochromatinization could
Integration of a l5 Transgene intobe involved in establishing cellular memory of gene ex-
Pericentromeric Heterochromatinpression patterns in different cell lineages has received
The strategy used in this study involved targeting thefurther support from experiments showing that silencing
integration of a transgene into pericentromeric hetero-of genes located on the long arms of the chromosomes
chromatin by flanking it on either side with multiple cop-is frequently associated with colocalization of the si-
ies of the major mouse g-satellite repeat (Figure 1). Alenced gene with pericentromeric heterochromatin in
transgene that has integrated directly into the satelliteinterphase nuclei (Csink and Henikoff, 1996; Dernburg
sequences becomes incorporated into the heterochro-et al., 1996; Brown et al., 1997, 1999; Francastel et al.,
matin complex. This makes it possible to use FISH to1999; Schubeler et al., 2000; reviewed by Cockell and
directly visualize the behavior of the transgene with re-Gasser, 1999). Progressive heterochromatinization of
spect to the heterochromatin when transcription is acti-most of the genome is also associated with terminal
vated. The analysis was carried out using the pre-Bdifferentiation of diverse cell types which include glial
cell specific l5 gene. The l5 and VpreB1 genes arecells, antibody producing plasma cells, and reticulo-
expressed in pro- and pre-B cells in mice and encodecytes.
the components of the surrogate light chain that formsIn this study, we have used a novel approach to ana-
part of the pre-B cell receptor (Melchers et al., 1993).lyze the mechanisms of gene silencing and activation in
The genes are separated by 4 kb and are regulated byheterochromatin that involves targeting a l5 transgene
directly into pericentromeric heterochromatin in mice a multicomponent locus control region (LCR) (Figure
Factor Dosage Affects Structure of Heterochromatin
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1). Part of the LCR resides in a set of five DNase I
hypersensitive sites (HS) located 39 of l5, while addi-
tional components are located close to the genes and
possibly in the promoters (Sabbattini et al., 1999). Ex-
pression of the l5 gene is dependent on early B cell
factor (EBF) and the products of the E2A gene (E12 and
E47) (Sigvardsson et al., 1997; Kee and Murre, 1998;
O’Riordan and Grosschedl, 1999). The transgene used
for this study contains the l5 gene and a region ex-
tending 6 kb downstream of the l5 poly-A site that
includes the 39 HS. (Figure 1B; see Experimental Proce-
dures for details). The fragment containing the l5 gene
and the flanking satellite repeats was purified to remove
vector sequences and was injected into mouse eggs.
Transgenic pups were identified by DNA analysis and
integrations into pericentromeric g-satellite DNA were
identified by probing metaphase spreads from fibro-
blasts and spleen cells using l5 and g-satellite probes.
Three-dimensional reconstruction of images obtained
by deconvolution microscopy was used to confirm that
the transgene was embedded within the g-satellite se-
quences. Integration into the pericentromeric g-satellite
region was found to occur in z30% of transgenic ani-
mals generated with this construct. The difficulty of mak-
ing large numbers of transgenic mice means that it is not
possible to carry out a direct comparison of integration
frquencies with and without the flanking g-satellite se-
quences. However, the frequency and overall number of
true integrations into pericentromeric heterochromation
observed in this study is significantly higher than in pre-
vious published studies (Milot et al., 1996; Sabbattini et
al., 1999), indicating that the flanking g-satellite se-
quences enrich for pericentromeric integrations.
Integration into Pericentromeric Heterochromatin
Results in Position Effect Variegation, which
Figure 2. Integration into Pericentromeric Heterochromatin Results Is Stable through Multiple Cell Divisions
in Position Effect Variegation A total of three transgenic lines were generated that had
(A) Metaphase FISH of centromeric l5 transgenes. Chromosomes the wild-type transgene integrated into pericentromeric
were hybridized with probes for the l5 transgene (green) and centro-
g-satellite DNA (Figure 2A, wt-1, -2, and -3). Transgenemeric g-satellite sequences (red). DNA is counterstained with DAPI
copy numbers for these animals ranged from 2–40 cop-(blue). Overlapping signal from red, blue, and green results in a
ies. The level of expression of the l5 transgene in pri-white signal for the transgene at the centromere.
(B) RNA FISH analysis of pre-B cells. The cells were probed with mary pre-B cell cultures from each line was measured
l5 (green) and b-actin (red), and counterstained with DAPI (blue). by RNase protection (Figure 2C). Integrations of this
The upper panel shows the overlayed l5 and DAPI signals, while transgene fragment had previously been shown to give
the lower panel shows the same cells with overlayed b-actin and
copy-dependent expression at the level of the endoge-DAPI signals. The images are shown as deconvolved single optical
nous l5 alleles (Sabbattini et al., 1999). In contrast, thesections. The nuclei exhibit the characteristic morphology of pre-B
cells with long cytoplasmic inclusions extending deep into the nu- three transgenic lines carrying the l5 transgenes flanked
cleus (Zucker-Franklin et al., 1988). Non-TG cells are from a non- by g-satellite sequences gave levels of expression per
transgenic fetus and the TG cells are from a 25 copy long arm transgene copy that were highly variable (Figure 2C).
integration of the l5 BamHI fragment with no flanking g-satellite
Expression ranged from 70% of the endogenous levelsequences (P. S., unpublished data). The fields labeled wt-1 contain
for the 11-copy line to 10% for the 2-copy integration.cells from a bulk culture from wild-type line wt-1 (see above). The
No expression was detected in fibroblasts from any oftwo clones (clones 1.1 and 1.2) were derived from wt-1 pre-B cells
(see Experimental Procedures) and expanded to z2000 cells. the transgenic lines. To test whether the variable expres-
(C) RNase protection analysis of wild-type (wt) and DHS-1 trans- sion in pre-B cells was due to variegation, RNA FISH
genics. RNA (10 mg from pre-B cells and fibroblasts) was analyzed
using a probe that extended from 165 to 1 563 in the l5 gene
(Sabbattini et al., 1999). The probe spans the oligonucleotide in-
serted at the ATG of the transgene, giving rise to a shorter protected
fragment for the endogenous l5 gene. A probe specific for b-actin expression in fibroblasts. Bands were quantitated using a Phos-
transcripts was also included in the reactions. The reduced signal phorimager. Expression per transgene copy is shown as a percent-
observed for b-actin in pre-B cells is a result of the lower level of age of the value for the endogenous locus (corrected for the pres-
expression of the b-actin gene in these cells compared with ence of two endogenous l5 alleles).
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Table 1. Proportion of Cells that Have the Transgene Located
on the Outside of the Centromeric Complex in Transgenic
Lines Carrying the Wild-type and DHS1 Constructs
Line Copy no. Pre-B cells Fibroblasts
wt-1 40 84% (82 cells) 80% (54 cells)
wt-2 11 84% (59 cells) 75% (61 cells)
wt-3 2 80% (50 cells) 75% (67 cells)
DHS1-4 1 74% (61 cells) 26% (46 cells)
DHS1-5 15 77% (64 cells) 25% (57 cells)
DHS1-6 4 70% (60 cells) 27% (52 cells)
To test whether variegation of transgene expression
is stable through multiple cell divisions, the pre-B cells
were cloned by limiting dilution (Rolink et al., 1991) (see
Experimental Procedures for details). The clones were
expanded to z2000 cells, and half of the cells were
analyzed for expression by RNA FISH. The remaining
cells were fixed simultaneously for analysis by three-
dimensional (3D) DNA FISH (see below). Out of a total
of 18 clones analyzed by RNA FISH, one clone had an
RNA signal in all cells (Figure 2B, clone 1.1), and a sec-
ond had a signal in .90% of the cells. At the other end
of the spectrum, there was a complete absence of signal
in one clone (Figure 2B, clone 1.2) while another clone
showed a signal in ,10% of the cells. The remaining 14
clones showed a range of signal frequencies that lay
between these two extremes (data not shown). Similar
Figure 3. Location on the Outside of the Centromere Is Dependent
results were obtained with pre-B cells that were trans-on a Constitutive DNase I Hypersensitive Site
formed using Abelson leukemia virus and cloned in soft(A) Primary pre-B cells and embryonic fibroblasts from wt-1 were
agar (data not shown). These results are consistent withhybridized with probes to the l5 transgene (green) and centromeres
silencing of the transgene, which can be stably main-(red). Single deconvolved optical sections are shown. The large
panels each show a single nucleus while the small panels show tained through a minimum of 10–12 cell divisions. The
individual centromeric complexes. observation of clones that have different frequencies
(B) Three-dimensional FISH of DHS1 l5 transgenic interphase pre-B of expression is consistent with a stochastic switching
cells and fibroblasts. Primary cells from line DHS1–5 were hybridized
between the silent and active states.with probes to the l5 transgene (green) and centromeres (red).
Single deconvolved optical sections are shown. The large panels
The Wild-type l5 Transgene Is Located on theeach show a single nucleus.
(C) Expressing and nonexpressing pre-B cell clones 1.1 and 1.2 (see Outside of the Heterochromatin Complex
Figure 2B) from wt-1 were hybridized as in (A). in Pre-B Cells and in Fibroblasts
To test whether activation of the l5 transgene is associ-
ated with a change in its location with respect to the
pericentromeric heterochromatin, 3D DNA FISH waswas carried out on the pre-B cells from transgenic line
wt-1 using a l5 cDNA probe (Figure 2B). This probe carried out on pre-B cells and primary embryonic fibro-
blasts from all three transgenic lines carrying the wild-does not detect the relatively low levels of endogenous
l5 transcripts that are present in pre-B cells from non- type transgene (see Experimental Procedures). The fixa-
tion and denaturation procedure used has been showntransgenic animals under the conditions used in this
study, but is able to detect transcripts from high-copy previously to preserve nuclear structure (Brown et al.,
1997). This was further confirmed by staining cells thattransgenes. Pre-B cells from animals that have integra-
tions of a l5 transgene on the long arm of the chromo- had been subjected to the procedure with fluorescent
antibodies to Ikaros and PCNA (data not shown). Thesome give a strong RNA signal in all cells (Figure 2B).
When RNA FISH analysis was carried out on pre-B cells results of the 3D FISH analysis are shown in Figure 3
and Table 1. The cells were hybridized with a l5 probefrom line wt-1, which has 40 copies of the l5 transgene
integrated into pericentromeric g-satellite DNA, the fluo- (green) and the pgSat plasmid containing 8 copies of
the g-satellite repeat (red). In interphase nuclei, the het-rescent signal was restricted to 20%–30% of the cells,
indicating that expression of the transgene is subject erochromatic g-satellite sequences are visualized by the
g-satellite probe as densely staining bodies of varyingto PEV (Figure 2B, wt-1). The strong RNA FISH signal
in the expressing cells and the levels of mRNA measured size (we use the term “heterochromatin complex” to
describe these bodies). In pre-B cells, some centro-by RNase protection lead us to conclude that the trans-
gene is being transcribed at close to the normal level meres cluster together, with each cell containing 12–20
g-satellite complexes. Clustering is not observed in fi-in the expressing cells with the lower than expected
level a consequence of silencing in a proportion of the broblasts where each centromere generally forms a sep-
arate g-satellite complex. In 75%–80% of fibroblastscells.
Factor Dosage Affects Structure of Heterochromatin
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and 80%–84% of pre-B cells, the l5 transgene was
located on the outside of the heterochromatin complex
while still remaining in contact with it (Figure 3A and
Table 1). Since no expression of the transgene is ob-
served in fibroblasts (Figure 2C) and 70%–80% of the
pre-B cells in line wt-1 were also shown not to express
it, we conclude that location of the l5 gene on the out-
side of the complex can occur in the absence of tran-
scription.
Activation of transcription of the transgene in pre-B
cells could require an additional relocation event that
would move the transgene away from the heterochroma-
tin complex through the formation of an extended loop.
The ability to isolate pre-B cell clones that have the
transgene fully active or completely silent (Figure 2B)
allowed us to determine whether this type of relocation
event is associated with transgene expression. Cells
from the expressing and nonexpressing clones from line
wt-1 shown in Figure 2B were fixed and analyzed by 3D
FISH at the same time as the RNA FISH analysis. In both
expressing and nonexpressing clones, the transgene
remained closely associated with the outside of the cen-
tromeric complex in all of the cells analyzed (Figure
3C). There was no difference in its location between
expressing and nonexpressing clones that could be de-
tected by light microscopy. We conclude from this result
that activation of the l5 transgene does not require
relocation away from the heterochromatin complex.
Location on the Outside of the Heterochromatin
Complex in Fibroblasts Is Dependent on the
Presence of a Constitutive DNase I HS
Previous analysis had shown that the most distal of the
Figure 4. Accessibility of the l5 TransgeneHS located 39 of l5 (HS1) is present in nonlymphoid cells
(A) Mapping of HS1 in fibroblasts. DNA from DNase I–digested nuclei(P. S., unpublished data). Analysis of DNase I digested
was digested with BglII and hybridized with probe 1 (left panel) orfibroblast nuclei showed that HS1 is also present in the
with DraI and hybridized with probe 2 (right panel). Probe 1 was a
endogenous l5-VpreB1 locus in these cells (Figure 4A). 0.6 kb SacI-SphI fragment from exon III of l5 (Sabbattini et al., 1999).
This led us to speculate that HSI could be responsible Probe 2 extended from positions 6287 to 6485 downstream from
the l5 poly-A site.for the location of the transgene on the outside of the
(B) Restriction enzyme accessibility analysis of l5 wild-type andheterochromatin complex in fibroblasts. To test whether
DHS1 transgenes in fibroblasts. Nuclei from primary embryonic fi-this is the case, a deletion of 830 bp was introduced,
broblasts were digested with PstI as described in Experimentalwhich removed the region containing the HS (Figure 1B).
Procedures. Times of digestion are shown above the lanes. The
A further three transgenic lines were generated that had PstI-digested DNA was isolated and digested to completion with
the DHS1 transgene integrated into pericentromeric EcoRI and BamHI. As a control, isolated nontransgenic DNA was
digested with PstI/EcoRI/BamHI. The blot was hybridized to a 446g-satellite DNA (Figure 2A). Fibroblasts and pre-B cells
bp l5 fragment extending from the PstI site at position 2296 to thefrom these lines were analyzed by 3D FISH to determine
EcoRI site at the end of the inserted oligonucleotide tag. Bandsthe location of the transgene. In all three lines, 25%–27%
were quantitated using a Phosphorimager. The values shown areof interphase fibroblast nuclei had the transgene located
the mean ratios (6 standard deviation) of digestion of the endoge-
on the outside of the heterochromatin complex, while nous l5 gene versus the transgene. The means were calculated
in 73%–75% of nuclei, it was embedded within the het- from three separate experiments (eight measurements in total) for
each of the two transgenic lines. The significance of the differenceserochromatin (Figure 3B and Table 1). The opposite re-
in accessibility between the endogenous genes and the transgenessult was obtained in pre-B cells, where the transgene
was assessed using a paired t test (P , 0.00025).was located at the edge of the heterochromatin complex
in 70%–77% of the nuclei (Figure 3B and Table 1). We
conclude from these results that HS1 is responsible for
localizing the transgene to the outside of the complex expression for a 3-copy line (Figure 2C). The variability
of the mRNA levels is likely to be partly due to variationin fibroblasts. Our results also indicate that an additional
activity located elsewhere in the transgene can give between animals in the same line (see, for example, line
DHS1-5, Figures 2C and 5B).rise to this effect in pre-B cells in the absence of HS1.
Interestingly, the deletion of HS1 had little effect on the Since the transgene is not transcribed in fibroblasts,
it was important to determine whether there is any differ-expression of the l5 gene in heterochromatin in pre-B
cells. Transgene mRNA levels from the three DHS1 lines ence in its configuration when it is located on the outside
of the heterochromatin complex compared with localiza-ranged from no expression for a single copy line to 75%
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tion within the complex. We tested this by analyzing the
accessibility of the wild-type and the DHS1 transgene
to restriction enzyme digestion in fibroblast nuclei. The
results of this analysis are shown in Figure 4B. Both wild-
type and DHS1 transgenes showed a mean reduction in
accessibility to digestion of approximately 4-fold com-
pared with the endogenous l5 gene. There was no in-
crease in the accessibility of the wild-type transgene
compared with the DHS1 transgene. The fact that the
transgene remains in a closed chromatin configuration
suggests that it is still packaged into heterochromatin,
even when it is located on the outside of the heterochro-
matin complex.
Location of the l5 Transgene to the Outside
of the Heterochromatin Complex in Pre-B
Cells Is Affected by the Dosage
of Early B Cell Factor
The location of the l5 transgene to the outside of the
heterochromatin complex in pre-B cells in the absence
Figure 5. Dosage of EBF Affects Location and Expression of the l5of HS1 implies that there is a second pre-B cell specific
Transgene in Pre-B Cellsactivity that can give rise to this effect. Expression of
(A) 3-D FISH was performed on pre-B cell cultures from DHS1–5early B cell factor (EBF) is restricted to cells of the B
embryos homozygous (left panel) or heterozygous for EBF (right
cell lineage and to olfactory neurons (Hagman et al., panel). Slides were hybridized with probes to the l5 transgene
1993). The l5 promoter contains three EBF binding sites (green) and centromeres (red). Single deconvolved optical sections
and overexpression of EBF has been shown to be capa- are shown.
(B) RNase protection analysis of RNA from DHS1-5 embryos homo-ble of activating ectopic expression of l5 in an early
zygous or heterozygous for EBF. To avoid the problem of variationpro-B cell line (Sigvardsson et al., 1997). To test whether
between embryos, cells from three wild-type and three heterozy-EBF is involved in relocating the heterochromatic l5
gous fetuses were pooled to give each of the RNA samples analyzed.
transgene in pre-B cells, line 5, which contains 15 copies The values underneath each lane are the amount of expression per
of the DHS1 transgene, was crossed with a mouse that transgene copy relative to the l5 transgene.
was heterozygous for a targeted inactivation of the EBF
gene (Lin and Grosschedl, 1995). Pre-B cells were cul-
tured from fetuses that were heterozygous for the l5 relative to the endogenous l5 gene in mice that were
heterozygous for EBF (data not shown). The effect oftransgene and the EBF knockout allele. Analysis by 3D
FISH was used to compare the location of the transgene transgene dosage on PEV was also directly tested by
Festenstein et al. (1999) who showed that variegationin these cells with cells from littermates that had the
transgene in combination with two wild-type EBF alleles. of a CD2 transgene was not enhanced by the presence
in trans of a second 100 copy integration of a transgeneThe results show a decrease in the frequency of trans-
gene localization outside the cluster from 84% 6 4% in containing the CD2 LCR. We conclude therefore that
the level of EBF affects both the higher order chromatincells with two EBF alleles to 44% 6 1% in cells that
have only one functional EBF allele (Figure 5A; each structure and the transcriptional activity of a heterochro-
matic l5 gene.value is the mean of two separate measurements from
different animals). These data indicate that the dosage
of EBF can affect the packaging of the transgene in the Discussion
heterochromatin complex.
The effect of EBF dosage on transcription of the trans- Current evidence indicates that transcriptionally active
genes are located within domains of chromatin that aregene was assessed by RNase protection analysis of RNA
extracted from pooled primary pre-B cell cultures obtained decondensed relative to surrounding regions. Determin-
ing the sequence of events that gives rise to this decon-from three wild-type (EBF1/1) and three heterozygous
(EBF1/2) littermates (Figure 5B). In the heterozygous densation is one of the central problems in the study of
transcriptional regulation. Of particular interest is thebackground, expression of the transgene was reduced
by approximately 3-fold relative to the endogenous l5 question of how the chromatin unfolding associated with
gene activation is initiated. To address this question,gene compared with the relative expression in the wild-
type background. Thus, the dosage of EBF also affects we have used a novel approach that involves targeting
the integration of a transgene directly into the g-satellitetranscriptional activation of the transgene. One possible
explanation for the effect of the reducing EBF dosage DNA that forms the bulk of pericentromeric heterochro-
matin. Since the strategy results in the transgene be-would be the fact that the transgene integration contains
multiple copies which might contain sufficient binding coming incorporated into the compacted heterochro-
matin complex, it makes it possible to use FISH carriedsites to titrate out the available EBF molecules. However,
there are two observations that make this explanation out on interphase nuclei to directly visualize the behavior
of a heterochromatic gene during the process of tran-unlikely. Analysis of a 30 copy long arm integration of the
same l5 fragment showed no reduction in expression scriptional activation and to examine the role of specific
Factor Dosage Affects Structure of Heterochromatin
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sequences and transcription factors in mediating the
changes that occur.
Integration into g-Satellite Sequences Causes
Reversible Variegation of Gene Expression
We find that integrations of the l5 transgene into peri-
centromeric heterochromatin give strongly variegated
expression in pre-B cells, with expression observed in
20%–30% of the cells. The high proliferative potential
of pre-B cells has allowed us to directly assess the
stability of variegated patterns of expression in clonal
cell populations isolated from primary pre-B cell cul-
tures. The results of this experiment indicate that the
l5 transgene undergoes a reversible switching between
the active and repressed state in a manner that strongly
resembles the telomeric silencing observed in S. cere-
visiae (Gottschling et al., 1990). Clones were isolated
that had 90%–100% of the cells either activated or si-
lenced but there was also a range of values between
these two extremes. This is very similar to the behavior
observed by Gottschling et al. for an ADE2 gene inserted
close to a telomere in yeast. The fact that a clone that
was expanded to z2000 cells gave 100% expression
indicates that the transcriptionally active state can be
maintained for at least 10–12 cell divisions. This is also
similar to telomeric silencing in yeast, where the acti-
vated and silent states were estimated to persist for an
average of 15–20 divisions (Gottschling et al., 1990).
Activation of a Heterochromatic Gene Involves
at Least Two Separate Stages Figure 6. Schematic Illustration of the Behavior of the l5 Trans-
The results of the expression analysis provided us with genes
expressing and nonexpressing cell types that could be The figure shows a summary of the different types of location ob-
served for the l5 transgene. In fibroblasts, the transgene is locatedused to visualize the location of the transgene by 3D
predominantly on the outside of the pericentromeric heterochroma-FISH. There are three types of transgene location that 3D
tin complex when HS1 is present, but becomes localized within theFISH analysis might be expected to detect in interphase
complex when HS1 is deleted. The presence of binding sites for thenuclei. If the transgene is incorporated into the compact
E2A proteins (E12 and E47) in HS1 suggests that they are involved
higher order structure of the heterochromatin complex, in mediating the HS1-dependent effect. In pre-B cells containing
then it is likely that it would be embedded in the complex. two wild-type EBF alleles, the transgene is located mainly on the
outside of the complex when HS1 is present or deleted. In cells thatAlternatively, if its higher order folding is disrupted, it
have only one functional EBF allele, .50% of the cells have thecould become localized on the outside of the complex
transgene located within the complex.while remaining in contact with it, or it could become
detached from the complex through the formation of a
long loop which would include the surrounding satellite plex? One possible explanation would be an exclusion
mechanism. Chromatin folding in the nucleus is thesequences. The results of our analysis (summarized in
Figure 6) show only the first two types of location. The product of a number of different levels of packaging
that are ultimately responsible for the densely packedwild-type transgene was mostly located on the outside
of the heterochromatin complex in pre-B cells and fibro- structures observed in metaphase chromosomes. Bind-
ing of factors to the sequences that form hypersensitiveblasts, irrespective of whether it was transcribed or not.
The external location in fibroblasts was dependent on sites would interrupt the regular nucleosome array nor-
mally present in heterochromatin (Wallrath and Elgin,a constitutive DNase I hypersensitive site (HS1). When
the region containing HS1 was deleted, the transgene 1995). This could be a direct result of the factor binding
and also of modifications to neighboring nucleosomes.was embedded within the complex in most fibroblasts
but was still located mainly on the outside of the com- The perturbation of the nucleosome array could poten-
tially disrupt all subsequent folding steps in the regionplex in pre-B cells. The fact that these two different
locations were observed in different cell types from the surrounding the factor binding sites. As a result, the
transgene would be excluded from the packaged het-same trangenic line is particularly significant because
it excludes the possibility that the external localization erochromatin and would become localized on the out-
side of the complex. This type of exclusion effect,is an effect of different integration sites in the hetero-
chromatin. caused by the presence of hypersensitive sites, could
provide a general mechanism by which genes are keptWhat is the nature of the changes that cause the
transgene to become displaced to the outside of the outside compacted chromatin, facilitating their subse-
quent activation.densely packed perocentromeric heterochromatin com-
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Although relocation to the outside of the heterochro- pletely exclude the possibility of indirect effects of EBF
dosage, the pre-B cell specific relocation effect and thematin complex seems to be a necessary precondition
effect of EBF dosage on transgene location togetherfor transcriptional activation, it is not in itself sufficient
provide strong evidence that EBF directly affects theto give expression. This is clearly shown by the fact that
higher order chromatin structure of the heterochromaticonly 30% of the cells in line wt-1 express the transgene
l5 transgene. Although we have not yet establishedwhile 84% have the transgene on the outside of the
the exact nature of the EBF-sensitive element, the l5complex. The same conclusion can be drawn from the
promoter region is a strong candidate for this role. Thefact that pre-B cell clone 1.2 shows no expression of
promoter contains three binding sites for EBF (Figurethe transgene even though the cells have the transgene
1) (Sigvardsson et al., 1997) and there is already evi-located on the outside of the heterochromatin complex.
dence that it forms part of the l5-VpreB1 LCR (Sabbat-These results clearly imply that a second separate event
tini et al., 1999).is required for transcriptional activation. On the basis
Previous studies showed that ectopic expression ofof the data in this study, it is not possible to say what
EBF alone in early pro-B cells gave weak activation ofthe second transition involves. However, the fact that
the endogenous l5 gene, while expression of EBF andthe variegated silencing that occurs in pre-B cells has
E2A together significantly increased transcription (Sig-similar properties to that observed for SIR-dependent
vardsson et al., 1997; Kee and Murre, 1998). In the corol-telomeric silencing suggests that maintenance of silenc-
lary to this experiment, mice that were heterozygousing of the externally located transgene could involve the
for both EBF and E2A showed a strong reduction inbinding of heterocromatin proteins. This idea is further
endogenous l5 expression while expression was unaf-supported by the observation that the transgene re-
fected in single heterozygotes for either EBF or E2Amains highly inaccessible to restriction enzymes when
(O’Riordan and Grosschedl, 1999). It is clear that theit is located on the outside of the heterochromatin com-
effects on higher order chromatin structure observed inplex in fibroblasts where the gene is not expressed.
our analysis are mediated by two separate activities.
The HS-1-dependent effect is observed in fibroblastsActivation of a Heterochromatic Gene Does
that express E2A, and HS1 has been shown to containNot Require Relocation away from
E2A binding sites (C.-M. C., unpublished data). Thisthe Heterochromatin Complex
makes it likely that the relocation effect involves theSeveral studies have reported a correlation between
action of E2A. The evidence from the factor dosagegene silencing and location of the silenced gene in close
experiment indicates that the pre-B cell specific effectproximity to heterochromatin in interphase nuclei (Csink
is dependent on EBF. Thus, our results fit well withand Henikoff, 1996; Dernburg et al., 1996; Brown et al.,
previous experiments showing that these two factors1997, 1999; Francastel et al., 1999; Schubeler et al.,
act synergistically to activate l5 transcription. The fact2000). These results have led to suggestions that reloca-
that we observe a strong effect on transcription of thetion of a gene away from centromeric heterochromatin
transgene in mice that are heterozygous only for EBFcould play a causal role in generating the chromatin
can be explained by the fact that the heterochromatinchanges that give rise to activation (Schubeler et al.,
where the l5 trangene is located is more condensed2000). In the context of the experiments described in this
than the chromatin in its normal euchromatic location.study, this model predicts that transcriptional activation
Our data suggest that the normal regulation of mamma-would be dependent on the transgene becoming de-
lian genes is the product of a balance between factortached from the heterochromatin complex through the
levels and chromatin condensation.
formation of an extended loop.
Tumbar et al. (1999) have shown that binding of a
By comparing pre-B cell clones from the same trans-
VP16 lac repressor fusion protein can cause deconden-
genic line that have the gene in the active or silent state, sation in CHO cells of an artificially created domain con-
we were able to show that silent and active genes remain sisting of multiple amplified copies of a sequence con-
closely associated with the heterochromatin. This result taining 256 copies of the lac operator. Our results
shows that relocation of a gene away from heterochro- provide evidence of a direct link between changes in
matin is not required for transcriptional activation. Our higher order chromatin organization and the action of
findings do not, however, imply that location has no effect transcription factors binding to naturally occurring regu-
on transcription, since the location of the l5 transgene in latory sequences. Factor dosage could affect the struc-
centromeric heterochromatin is clearly associated with ture of a heterochromatic gene by reducing the effi-
heritable silencing in a proportion of cells. Instead, we ciency of HS formation and also by impairing the ability
suggest that localization to heterochromatin has some of factors to compete with heterochromatin proteins
similarity to methylation in that it helps to fix the silent (modifiers) for binding to regulatory sequences. These
state but, in most cases, does not determine it. findings also imply that factors can gain access to se-
quences that are normally located within condensed
Transcription Factor Dosage Can Alter the Higher heterochromatin and initiate events that lead to modifi-
Order Chromatin Structure cations of their chromatin structure. Access of factors
of the l5 Transgene could occur during transient decondensation events
Our results show that reducing the level of EBF in pre- that have been observed during early G1 and late S
B cells significantly reduces the frequency of localization phase (Li et al., 1998).
of the transgene to the outside of the heterochromatin It is notable that constitutive hypersensitive sites
complex and also reduces the level of transcription rela- formed by binding of transcription factors to clustered
binding sites are often found close to genes. The pres-tive to the endogenous gene. While it is difficult to com-
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supplemented with 15% FCS and 50 mM 2-mercaptoethanol. Cellsence of these HS could have the effect of preventing a
were replated at least three times to generate a pure fibroblastgene from becoming localized within densely packaged
culture.“silent” chromatin, thereby keeping it in a state where
it can be readily activated. However, the fact that there
RNA Analysisare two separate chromatin reorganizing activities, one
l5 and b-actin RNA was quantitated by RNase protection analysisconstitutive and one pre-B cell specific, argues against
as described by Sabbattini et al. (1999).a requirement for specialized “master” elements that
function to open entire chromatin domains. This conclu-
sion is also supported by the fact that the presence of DNA FISH and Microscopy
DNA FISH of metaphase chromosomes was carried out as pre-HS1 is not in itself sufficient to convert the rest of the
viously described (Sabbattini et al., 1999). 3D DNA FISH was per-transgene to an accessible state. Instead, we suggest
formed according to Brown et al. (1997) with minor modifications.that individual HS vary in their capacity to form in hetero-
Cells were hybridized with 100 ng of the 11 kb l5 BamHI plasmid
chromatin, depending on the configuration of factor labeled with digoxigenin (preannealed with 1 mg mouse Cot-1 DNA)
binding sites within them. A subset of HS distributed and 10 ng g-satellite plasmid directly labeled with fluoroRED (Amer-
across a locus would have this capacity and would be sham-Pharmacia). After hybridization, the cells were washed and
stained with FITC-conjugated sheep-anti-digoxigenin (Roche). Sig-able to disrupt higher order folding thereby initiating
nal was amplified with rabbit-anti-sheep-IgG-FITC (Vector Labora-chromatin opening. There has been little information
tories) and the slides were counterstained with DAPI.about the earliest events that lead to the establishment
Z-series images were collected with a 1003 plan-Apochromat
of transcriptionally active chromatin domains. Our re- objective fitted on an Axiovert 100 microscope (Zeiss). Images were
sults provide strong evidence that binding of transcrip- captured using a MicroMax 5 MHz camera (Princeton Instruments,
tion factors to the clustered binding sites found in DNase Inc.). The image stacks were deblurred by blind deconvolution with
AutoDeblur software (AutoQuant Imaging, Inc.) and 3D reconstruc-I hypersensitive sites plays a key role in inititating the
tions were made with MetaMorph software (Universal Imagingchromatin unfolding that precedes binding of RNA poly-
Corp.). At least two independent series of slides were examined formerases and initiation of gene transcription.
each population. More than 45 cells were studied in each case.
Experimental Procedures
RNA FISH
RNA FISH was performed as described by Spector et al. (1998)Plasmids
Construction of the Centromeric Targeting Plasmid pgSat using probes labeled by nick translation. Cells were attached to
coverslips and fixed in 4% paraformaldehyde in PBS for 15 min atMouse g-satellite repeats were amplified by PCR from genomic
mouse DNA using the primers GGAATTCGGACCTGGAAATAGGCG room temperature and permeabilized in 0.5% Triton X-100 for 5 min.
The coverslips were hybridized at 378C overnight with 100 ng ofand GGAATTCTTCAGTGTGCATTTCTCATTTTTCACG. Amplified
DNA was gel purified and cloned into the EcoRI site of a low copy each probe, 20 mg E. coli tRNA in 50% formamide, 10% dextran
sulfate, and 23 SSC. l5 and b-actin RNA were detected with cDNAversion of pBluescript using the EcoRI sites in the primers. A clone
containing 4 g-satellite repeats was identified. The satellite insert probes labeled with biotin and digoxigenin, respectively. The l5
cDNA probe was amplified by PCR with the ATGGATGACGATATCGwas isolated and cloned by blunt end insertion into the XbaI site of
the parent plasmid, generating a plasmid that contained 2 3 4 copies CTGCG/TGTCGCCTTACCGTTCCA primers and the b-actin with the
ATGAAGCTCAGAGTAGGACAG/AAAGACAGTGAGATGGTTAof the g-satellite repeat. Sequencing was used to confirm that the
inserts were in the same orientation. An 11 kb BamHI fragment ATGGGA primers and cloned into pGEM-T (Promega). After hybrid-
ization, cells were treated as described for 3D DNA FISH.containing the l5 gene and 39 HS was then cloned into the BamHI
site between the satellite repeats. All of the steps in the construction
of pgSat were carried out using the SURE strain of E. coli (Stra-
Nuclease Sensitivity Analysistagene, Inc.) to avoid recombination between the repeats.
Restriction enzyme accessibility was performed on isolated fibro-Deletion of HS1
blast nuclei as described by Boyes and Felsenfeld (1996). 2 3 107Fine mapping showed that HS1 was located between positions 5193
nuclei were digested with 600 units of PstI for 15 min or 1 hr. Genomicand 5747 downstream from the l5 poly-A site (P. S. and S. M.,
DNA was prepared and digested with EcoRI and BamHI and re-unpublished data). The HS was deleted by partial digestion with
solved by Southern blotting. The restriction fragments were probedMfeI followed by complete digestion with BstEII. The 827 bp deletion
with a 446 bp l5 fragment extending from the PstI site at positionextends from positions 4933 to 5760.
2296 to the EcoRI site at the end of the inserted oligonucleotide
tag (Sabbattini et al., 1999).Transgenic Mice
DNAse I hypersensitivity analysis was carried out as describedThe l5-gSat insert was separated from the plasmid by digestion
by Sabbattini et al. (1999) (see legend to Figure 4 for details of thewith EagI and SalI and was injected into eggs from C57Bl6/CBA
probes used).F1 females as previously described (Dillon and Grosveld, 1993).
Transgenic pups were identified by PCR analysis. DNA FISH carried
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